ABSTRACT Since the control of brake pressure has a significant impact on regenerative braking performance of electric vehicles, a novel combined brake pressure control algorithm based on two high-speed on-off valves is developed to improve the precision and timeliness of pressure tracking for the regenerative braking system of electric commercial trucks in this paper. First, a comprehensive mathematical model of the valve control system is built up which is composed of several sub-models and verified by experiments. Second, a PID controller with pulse width modulation (PWM) and a fuzzy controller with cooperative PWM are separately adopted in the proposed combined control algorithm to substitute for the traditional PWM approach. Moreover, through the numerical simulation studies, better control performance is obtained in MATLAB/Simulink on the basis of the built models. Finally, the experimental tests under various typical braking pressure input signals are carried out to verify the simulation results. The comparison between the simulation and experimental results fully demonstrates that the proposed control algorithm is feasible and the dynamic performance of this combined valve control algorithm is considerably improved compared with the conventional PID control algorithm.
I. INTRODUCTION
With the rapid development of various types of electric vehicles to save fossil energy and protect the environment, regenerative braking system (RBS) has been essential for electric vehicles, which could make drive motor work as a generator to recover kinetic energy during the deceleration process [1] - [5] . In this process, to guarantee the vehicle's deceleration performance and energy recovery efficiency for different braking requirements, the mechanical friction brake system also need to be equipped and controlled by wire, which works collaboratively with the electric brake system. Because the control performance of this system is crucial for the whole blending braking performance, studying practical, effective and accurate method for pneumatic braking pressure
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control is of great importance for the regenerative braking system of electric commercial trucks [6] .
For pneumatic braking pressure control, proportional valves with digital control scheme are the most effective actuators [7] - [8] . However, the high cost of proportional valves limits their large-scale practical application on commercial vehicles. To reduce the cost involved, on-off valves driven by PWM are widely utilized in braking control system of commercial trucks, which has good pressure control capability and effectively reduce the cost.
To enhance the working performance of the on-off solenoid valve system further, some comprehensive researches on control algorithms have been carried out by researchers globally and some fruitful achievements have been achieved. Hejrati and Najafi [9] proposed a new pulse width modulation with sliding mode controller for pressure tracking, and some experiments were implemented and demonstrated that pressure control performance of pneumatic actuators had a significant improvement compared to other controllers from the literatures. Lv et al. [6] , [10] presented a pressuredifferent-limiting modulation control method for regenerative braking system and obtained a linear hydraulic pressure control performance between coil current and pressure difference across the tested valves. Wang et al. [11] studied a comprehensive simulation model of the typical on-off valves for the anti-lock braking system and an electronic stability program (ESP), and traditional PWM control method with a high modulation frequency of 2-4 kHz were used and developed the proportional characteristic and similar linear control of the valve under different duty ratios. Lin et al. [12] put forward a control mode that switching sliding controller with the nonlinear gain generated by a fuzzy logic controller to improve the performance of pressure tracking in an electronic pneumatic position control system and the experimental results validated the reliability of the novel scheme. Mp and Ferreira [13] compared that controllers on the basis of FPGA achieved better performance in controlling pneumatic systems than controllers on the basis of software, which was experimented by fuzzy logic controller. Seo et al. [14] developed a novel wheel pressure control algorithm for ESC systems using on-off valves, which effectively improve the pressure accuracy through the improved and optimized proportional-integral-derivative (PID) controller. However, in view of the inherently nonlinear characteristic of the on-off valve control system and the feasibility and stability of the algorithm in practical engineering application, some problems of hysteresis and overshoot and the abrasion of high-speed on-off valves still exist.
In this paper, a practical and effective solution is presented to enhance the dynamic performance of braking pressure control in contrast with existing control algorithms from the literature. First, a nonlinear mathematic model of target on-off valve control system, including an electromagnetism model of the valve and a hydromechanics process of fluid delay characteristics, is developed and verified by implementing some tests. Then, a novel combined control algorithm is presented to enhance the control accuracy and timeliness of the onoff valve. In this designed control algorithm, an incremental proportional-integral-differential (PID) controller by PWM signals and a fuzzy controller by cooperative PWM signals are applied to drive the valves in different modes and the pressure is properly balanced by reasonably switching the modes. Furthermore, based on the dynamic characteristic of valve and fluid flow that have been built up, the combined control algorithm is numerically simulated and some analysis are performed to show the capability and effectiveness of the proposed algorithm before its application of real control unit. And some experimental tests under various pressure input signals are carried out, which strongly prove a good agreement with simulation results and have great potential to improve the performance of the high-speed on-off valve control system. This paper is organized as follows: after the section of introduction, the mathematic model of the valve control system is deduced and divided into five sub-models: electrical circuit model, magnetic circuit model, mechanical movement model, pneumatic circuit model and air cylinder chamber model in section 2. Section 3 introduces a novel combined control algorithm, including a novel cooperative PWM method, PID controller and fuzzy controller. In section 3, some simulation results are achieved and analyzed. In section 4, a hardware test platform is built and the experimental results are achieved and evaluated by the proposed evaluation index. Finally, some concluding remarks are presented in last section.
II. SYSTEM DYNAMIC MODELS A. STRUCTURE AND WORKING PRINCIPLE
As mentioned in the above section, a typical mechanical brake-by-wire system of an electric commercial light-truck is used as the study object in this research. Taking one axle electro-pneumatic brake circuit as an example, a schematic diagram of the pneumatic regenerative braking system is shown in Fig. 1 . The electro-pneumatic axle valve can be considered as two fast on-off valves, including one inlet valve and one outlet valve. The inlet valve (normally closed) and the outlet valve (normally closed) are set upstream and downstream respectively of the left and right wheel cylinders. When the driver presses on the electronic brake pedal, the brake intensity z is identified and the regenerative braking controller sends out the braking distribution commands of T b_req (request pneumatic braking torque) and T reg (request regenerative braking torque) to the on-off valve controller and driver motor controller separately according to the braking signal and vehicle information. For the deceleration of an electric light-truck, the total braking torque is cooperatively provided by T reg_act (actual regenerative braking torque) and T pneumatic (actual pneumatic braking torque). To guarantee the vehicle's great deceleration performance, the accurate and fast build-up process of pneumatic braking pressure is obviously critical for the whole braking operation.
The sectional view of this type valve is depicted in Fig. 2 . This common 2-position and 2-way valve is composed by return spring, moving iron, coil, fixed iron, pushrod, orifice, valve body and valve core. As is shown in Fig. 1 , take the inlet valve for example, when the coil is energized by driving voltage, the electromagnetic force moves the valve core on the above side. When the core is in this position, the airflow between the high pressure supply and the air chamber of wheel cylinder is open through an orifice. On the contrary, when the coil is de-energized, return spring restoring force turns the valve core to the below side. Thus, the airflow cannot pass through the orifice and the pressure in air chamber is naturally maintained. Likewise, the outlet valve has a similar operating mode.
B. MATHEMATICAL MODEL OF BRAKING SYSTEM
According to the above analysis of the structural principle of the valve control system, the valve working process can be divided into five sub-models, including electrical circuit model, magnetic circuit model, mechanical movement model, pneumatic circuit model and air chamber model. As is shown in Fig. 3 , it is the decomposed mathematical models of the whole valve control system. These sub-models are all derived from the ideal gas state equation, the mass and energy conservation law, Newton classical mechanics theory, electromagnetic theory, thermodynamics theory and hydromechanics theory. Every sub-model is closely related and constitutes the control system together.
As is shown in Fig. 4 , the electrical circuit model converts the control voltage signal into current flow through the coil of the valve. According to Kirchhoff voltage laws (KVL) and the basic electromagnetic theory, the equivalent circuit of the electrical circuit can be obtained and the differential equations of electric circuit can be written as:
where U is the driving voltage, I is the current of coil, R is the equivalent resistance, and L is the equivalent inductance. By Ohm's law of the magnetic circuit, the magnetic circuit sub-model can be written as:
where F is the magnetic difference, N is the number of coil turns, R m is total reluctance of the magnetic circuit, and φ is the magnetic flux. The magnetic resistance in the magnetic circuit model is composed of the magnetic resistance of the ferromagnetic material and the magnetic resistance of the working air gap, which is changeable as the movement of the valve core. Its equation is written as follows:
where δ 0 is the maximum length of air gap, µ 0 is the permeability of air, x is the displacement of valve core, l m is effective length of magnetic conductor and A δ is the crosssectional area at the air gap. When the coil is energized, the electromagnetic force is generated to act on the valve core. According to Maxwell's electromagnetic suction formula, it can be written as:
According to Newton's kinematics, dynamic mechanical characteristic of movement equation sub-model can be written as:
where m is the mass of valve core,x is the displacement of valve core, F f is the frictional force, c is the equivalent damping coefficient, k is the spring coefficient, x p is the preload of spring. The process of airflow through the inlet and outlet is very complex, which is usually regarded as one-dimensional isentropic flow of the ideal gas through the shrink nozzle. Take the filling process for example, according to the fundamental gas continuity equation, the transient flow through the orifice can be stated as: (9) whereṁ is the transient mass airflow in the air chamber, C d is the non-dimensional discharge coefficient of the valve, A v is the effective cross-sectional area of inlet/outlet orifice, p 1 is the pressure of upstream, p 2 is the pressure of downstream, K is the adiabatic index, R 0 is the ideal gas constant and T is the temperature of upstream. The above subsystem comprises two nonlinear differential equations of sonic and subsonic fluid flow zones. When the pressure difference between upstream and downstream is large, the airflow speed is sonic, whereas the airflow speed is subsonic when the pressure difference between upstream and downstream is relative small. A critical value of P cr for the ratio of upstream and downstream pressure value is utilized to distinguish these two zones, which can be written as:
For a given gas, the set value of K is 1.4 for the air and P cr is a constant value of 0.528 in equation (9) . The air chamber pressure value is decided by the compressibility of the air between the valves and air cylinder. It is assumed that the gas enters the sealed chamber and immediately fills the whole chamber, and the gas passes through the sealed chamber wall without heat exchange with the outside world during the process. Thus, the thermodynamic equation of the chamber model is written as:
where V is the volume composed of the air passage and the air cylinder chamber. By substituting equation (8) and (9) into equation (11), the dynamic differential equation of air chamber pressure in the process of filling can be obtained:
P = dp dt (13) Obviously, the values of upstream and downstream pressure vary with the process of filling and exhausting for the air cylinder. During filling process, the pressure in the high pressure supply should be viewed as the upstream pressure, whereas the pressure in the air cylinder is viewed as the downstream pressure and vice versa during the exhausting process.
C. VERIFICATION OF SIMULATION MODEL
As is mentioned in Fig. 1 , on the basis of the integrated dynamic mathematical model built in MATLAB/Simulink r2014a and the valve's parameters listed in Table 1 , the numerical simulation of the valve control system is carried out to develop a novel control algorithm further. In order to verify whether the integrated model can reflect and describe the characteristics of the real valve system's VOLUME 7, 2019 behavior, two aspects of the relevant tests are conducted. One is to check the delay time of the simulated valve is same as the real valve in single switching operation. The other is to inspect the delay time of the simulated control system is consistent with the real system in the complete filling and exhausting process.
From the results of the simulated model, the switching characteristics of the valve during one operation time are shown in Fig. 5 . The duty ratio of 75% is chosen for the system to ensure the valve completely actuated by voltage. During the opening time of the valve core, the current in the coil increases rapidly as the rise of magnetic force until the valve core starts to move. Since the inductance of the solenoid increases with the movement of moving iron until the moving iron reaches its ultimate displacement, the current in this period decreases to a certain extent. Simultaneously, the current starts increasing to the maximum value rapidly when the valve core is still in the final position. There is a similar process during the closing period as well. As is shown in Fig. 5 , the process of current change is basically same as the measured one, which strongly demonstrates the accuracy of the built model. Calculated from this test, the total opening time is approximately 3.5ms and the total closing time is approximately 8.1ms.
Obtained by the above characteristic, the filling or exhausting mode of this valve is switched depending on the control signals, which could only be either fully open or fully closed. However, owing to the electromagnetic and mechanical hysteresis, both high-level input voltage and low-level input voltage cannot make the valve to be completely open or completely closed immediately after receiving the control signal.
To verify the attributes of the whole control system simulation model, the whole filling and exhausting process of the valve control system is numerically simulated and experimental tested separately by fully using 100% duty ratio of PWM signals, which ensure the valve is completely open during the entire operation. As is shown in Fig. 6 , the two pressure curves are well matched and the comparison of simulated and measured results show a highly coincidence. Therefore, the built model is validated and sufficient for following research.
III. CONTROL ALGORITHM DESIGN
Conventional PID control method with PWM is widely used in the valve control systems. Only using this method cannot achieve good performances in accurate pressure control as the hysteresis of high-speed on-off valves and nonlinearity characteristic of airflow. In this section, an improved combined control algorithm is proposed to overcome the above difficulties. Block diagram of the control system is presented in Fig. 7 , which schematically explains how the control signals turn into driving voltage pulse waves appropriate for the valve control system.
A. PWM CONTROL
Since the existence of system hysteresis and PWM method is applied in the proposed control algorithm, some open-loop experiments are performed to measure the pneumatic pressure response characteristics, which could facilitate the development of proper duty ratios. At chosen 50 Hz control frequency, the duty ratio of PWM signal is set to increase from 10% to 100%, by 5% for the operation of the valve. Fig. 8 illustrates the flow characteristic of the system. It is divided into three different zones: dead zone, saturated zone and effective zone. The duty cycle is below 20%, the valve is not opened and the gas flow is 0. The variation time of pressure unit in this duty ratio is approximately infinite and this interval is dead zone. In the interval where the duty ratio is 60% to 100%, the pressure rise time is not much different, indicating that the flow difference of the valve is small, and the interval is the saturation zone. In the area with the duty ratio between 20% and 60%, the flow characteristics vary greatly. Therefore, the effective control of pressure can be achieved by regulating the duty ratio within the effective control zone. In order to improve the control performance of the system, the output of PWM control quantity by the proposed controller should be avoided entering the dead zone and saturated zone. Therefore, the output quantity is modified as: (14) where D m is the duty ratio of controller output, D d is upper limit of dead zone, D s is lower limit of saturation zone and D e is modified duty ratio of effective zone.
B. INCREMENTAL PID CONTROLLER
Considering actual control cycle in engineering, an incremental PID controller by PWM signal is designed to adjust pressure when the pressure difference between target pressure and current tracking pressure is relative large in the combined control algorithm. The incremental PID algorithm, a basic form of the digital PID control algorithm, is a control algorithm that performs PID control by incrementing the control amount (the difference between the current control amount and the last control amount), which is enable to change the pressure rapidly. This type PID control rule is usually written as:
where u(k) is the control signal, e(k) is the pressure error and K p , K i and K d are respectively control parameters. Fig. 9 shows the PID control algorithm applicable to the control system. The pressure tracking system operates in either increasing mode or decreasing mode and the selection of duty ratio, depending on the set range of the threshold value. When the pressure value is adjusted within the predetermined area, the valves will be switched to operate in the hold mode immediately.
C. COOPERATIVE PWM CONTROL
Traditional PWM control method is the most widespread used digital control method in valve control technology for its huge superiority of easy control, more flexibility and good dynamic response, whereas only utilizing PWM cannot achieve good control effect as the existence of dead zone and saturated zone by above analysis. When the differential pressure is slightly small, the incremental PID control method with PWM signal can't reach the precise demand pressure and greatly increases pressure tracking chattering continuously, which is subject to the minimum adjustment quantity of PWM. Therefore, a brand-new control approach called cooperative PWM is suggested to eliminate the chattering phenomenon and achieve better control performance. Fig.10 shows the typical filling and exhausting process with cooperative PWM, which will greatly promote precise control of pressure.
Cooperative PWM is on the basis of PWM and since there are two valves operating in one system, the two PWM waveforms are combined into one control cycle. In cooperative PWM, the pressure in the cylinder is fine-tuned through the differential airflow generated by both the inlet valve and the outlet valve under the condition that the minimum switching time of the valve is fully satisfied. In the filling period, the increment of air pressure within the open time of the inlet VOLUME 7, 2019 FIGURE 9. PID method with a switching operation. valve in one cooperative PWM control period is more than the decrement of the outlet valve in one control period, which could easily regulate pressure under the minimum adjustment quantity of PWM. Accordingly, similar criteria are applied to the exhausting process as well.
D. FUZZY CONTROLLER
In addition to make good use of cooperative PWM as the fundamental driving pulse waves, a fuzzy controller is also designed for the whole control system to adjust duty ratio of valves in one control cycle to cooperate with cooperative PWM, which can effectively enhance the pressure accuracy. After several simulation and experimental tests on the valve control system, some filling and exhausting characteristic curves of the valve have been achieved and the curve is depicted in the Fig. 11 by curve fitting. Under different pressure tracking conditions of chamber, the filling speed is not the same as the exhausting speed. The filling speed decreases with the increase of pressure, whereas exhausting speed is on the contrary. Thus, the design for fuzzy rules needs to consider the effect of airflow speed on selection of the duty ratio in cooperative PWM. The fuzzy control rules are developed by knowledge and experience of the valve. In this control system, the control rules of fuzzy algorithm are drew up to find the fuzzy relationship between duty ratio of valves and target pressure and pressure error in different pressure conditions. To achieve the purpose of accurate and rapid pressure tracking, real-time adjustment of duty ratio of inlet valve and outlet valves is operated on the basis of above test results of the tracking pressure and error, which is set to avoid entering the dead zone. Utilizing these characteristics, a fuzzy controller is designed for the system.
In the fuzzy controller, the inputs are the target pressure P and pressure error P. The outputs are the duty ratio command T in of inlet valve and the duty ratio command T out of outlet valve. And triangle and trapezoid membership are adopted.
In the stage of fuzzification, linguistic variables are used to make the input variables P and P the output variable T in and T out compatible with the condition of the knowledge-based rules. The linguistic terms are shown in Table 2 . The fuzzy sets used for inputs and outputs are described as:
In the process of defuzzification, for the whole fuzzy control algorithm, the rules of input variables and output variables are summarized in Table 3 and Table 4 respectively. Degree of membership function of input and output are shown in Fig. 12 . These rules are implemented based on the following criteria.
Criterion 1: if P is S and P is N, then T in is S and T out is L. In this case, the tracking pressure need slightly increase. The opening time of inlet valve is much shorter than outlet valve due to the airflow speed of inlet valve is much faster than outlet valve in this pressure difference condition, which can precisely control pressure by the separately set proper duty ratio.
Criterion 2: if P is M and P is P, then T in is B and T out is M. In this case, the tracking pressure needs to slightly decrease. The opening time of inlet valve is slightly shorter than outlet valve due to the airflow speed of inlet valve is similar with the outlet valve in this pressure difference condition, which can precisely control pressure by the separately set proper duty ratio.
Criterion 3: if P is L and P is P, then T in is L and T out is S. In this case, the tracking pressure needs to slightly increase. The opening time of inlet valve is much longer than outlet valve due to the airflow speed of inlet valve is much slower than outlet valve in this pressure difference condition, which can precisely control pressure by the separately set proper duty ratio.
E. LOGIC THRESHOLD SELECTOR
As is shown in Fig. 13 , the logic threshold selector is designed for the whole control system to switch sub-controllers depending on different pressure error condition in one operation cycle. When the pressure error is larger than the logic threshold value, the system is controlled by the incremental PID controller by PWM signal. In this condition, the pressure in the wheel cylinder will be regulated rapidly to reach smaller error. Meanwhile, the control system will be switched to the fuzzy controller with PWM signal if the real-time error enters then smaller error band. This fuzzy controller ensures pressure slightly filling or exhausting until the error reaches the ideal value of the steady-state error. In the last, the pressure error is controlled within a very small error band so that the control process is successfully completed.
IV. SIMULATION AND ANALYSIS
Based on the models built in MATLAB/Simulink and the parameters of the valve control system listed in Table 1 , VOLUME 7, 2019 simulation of the combined control algorithm is implemented in MATLAB/Simulink r2014a. The high pressure supply of simulation is 8 bar and sampling frequency of the model is fixed at 50Hz, which is same as the working frequency of real valves. In this simulation, the variables related to the valve control system are listed as follows:
2, e 1 = 0.3, e 2 = 0.05. These parameters are optimized to illustrate the best results.
As is shown in Fig. 14 and Fig. 15 , the first step simulation is to contrast the dynamic property between PID controller by PWM and fuzzy controller by cooperative PWM. It is obvious that the fuzzy controller with cooperative PWM controller has slighter overshoot and more accurate steady-state pressure tracking. Because the cooperative PWM has two opposite synchronized pulse to decrease the filling or exhausting speed, the switching time of PID controller by PWM is shorter than that of fuzzy controller by cooperative PWM. Considering the discrete nonlinear characteristic of the on-off solenoid valve and airflow, the pressure tracking only controlled by PID controller can hardly avoid excessive overshoot and chattering phenomena after the tracking pressure reaching near the target pressure.
As is shown in Fig. 16 and Fig. 17 , the combined control algorithm is rapidly and closely tracking the target pressure, which takes advantage of the fast switching time in PID controller by PWM and the slight chattering in fuzzy controller with cooperative PWM. In the whole pressure tracking process, the valve control system is initially in PID control area and air chamber is rapidly filled. Then the system pressure is close to the target pressure, the fuzzy with cooperative PWM is activated and take over the control process to reach the target pressure precisely.
V. EXPERIMENTAL VERIFICATION
To verify and evaluate the dynamic performance of combined control algorithm above and to test the practicability of this combined control strategy further, experimental tests are carried out. Fig.18 shows the entire control platform setup for the valve control system, which consists of a set of real-time simulation hardware, an electric drive unit, an electric feedback unit and a pneumatic chamber.
A. EXPERIMENTAL TEST PLATFORM SETUP
The real-time simulation platform is MircoAutoBox 1401/ 1501 from dSPACE. Virtual models of the control algorithm are built and run by MircoAutoBox. The electric units are designed to drive the valve and feedback pressure signals, which communicate with dSPACE via various I/O interfaces. The real mechanical pneumatic system includes two valves (Integrated in a control valve), an air camber, a high pressure gas tank and an air compressor.
B. EXPERIMENTAL RESULTS AND EVALUATION
The initial setup of experimental tests is the same as that in the numerical simulation. And various experiments are implemented with more types of dynamic pressure conditions, which include ladder waves, ramp waves and sine waves of different frequency. After the several contrast experiments, the experimental results are shown in Figs. 19-22 .
In order to quantitatively measure and evaluate the performance of pressure tracking accuracy, the RMSE (Root Mean Square Error) between the target pressure and the tracking pressure are introduced as evaluation parameters. The equation of RMSE can be expressed as:
The RMSE values' comparison of the pressure in the different experimental condition with the combined control algorithm and the conventional PID control methods are depicted in Table 5 . During the pressure tracking process, the RMSE of the equivalent pressure with combined controller is separately 22.7%, 36.8%, 45.7% and 54.2% better than in PID-based controller, indicating the effective improvement of the control timeliness and control accuracy. And it can be seen that the great advantage of the proposed controller is its capability to track more variable target pressure inputs where the PID controller appears to be difficult to achieve, even leading to instability of the whole system. Therefore, the combined controller has the ability to face more complex condition than PID controller with lower error. Compared with previous studies utilizing other controllers, the outstanding control results prove that this proposed controller has a significant improvement in pressure tracking performance and feasibility of control method.
VI. CONCLUSION
In this paper, firstly, an integrated mathematical model including mechanical and thermodynamic process of filling and exhausting process of the airflow is built up and the behavior characteristic of the 2/2 high-speed on/off valve is observed for pressure tracking of the air cylinder. The contrast between simulation results and open-loop experimental results indicates high accuracy of the built model for the valve control system to be utilized to design the proposed controller before implementing it by experiment. A novel combined control algorithm with two valves is proposed to complete braking pressure tracking, which can enhance the control accuracy of pneumatic valve system. The cooperative PWM with two valves is developed to eliminate the inherent dead zone and to improve the nonlinear characteristics between the pressure difference of the chamber and the duty ratio of the PWM control signal. The pressure controlled by combined PWM demonstrates slighter hysteresis, overshoot and chattering phenomenon than that controlled only by PWM method, which is more suitable for controlling the fluid flow through the simulation and experimental test validation. The combined control algorithm achieves good results in tracking the dynamic pressure by the comparison of RMSE under various input conditions. Meanwhile, this algorithm reduces the switching time of the valve. Through the above research results, the brake safety and brake feeling of the target commercial vehicle are significantly improve.
Further studies will be implemented in the following areas: The effect of valve's parameter variation on proposed control performance and more real vehicle tests of the valve control system need to be carried out. His research interests include vehicle system dynamic, wire control technology of vehicle, and the safety and protection of vehicle structure. VOLUME 7, 2019 
